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Spall strength data of sintered and hot-pressed silicon carbide show an initial increase with an increase in the shock-
induced stress to around 4 GPa. At impact stress around 6 GPa and above, spall strength data of these materials show a
continuous decrease in the magnitude of spall strength.' This unusual trend in the spall strength of silicon carbides may be due
to the competing roles of (i) localized plasticity, (ii) generation and propagation of cracks taking into consideration cheir relative
dominance below and above a given magnitude of stress. This work presents the results of spall experiments conducted to test
the relative dominance hypothesis by determining whether the observed initial increase in spall strength of silicon carbide is due
to dominance of localized plastic deformation over crack-dominaced brittle deformarion, while the observed decline in the spall
strength with an increase in the shock-induced stress reflects a dominance of crack-induced brittle deformation over plastic

deformation.

Introduction

Accumulated experimental results pertaining to plane
shock wave response of polycrystalline ceramics indicate
that while their compressive and shear strengths tend to
be very high their tensile strengths are extremely low. The
compressive and shear strengths of these materials do not
degrade significantly even in the presence of moderate
pore volume fraction (less than 1-2%) or a small popula-
tion of micro-cracks/fissures. Their tensile strengths de-
grade significantly in the presence of pore volume frac-
tion, and cracks/fissures (micro and/or meso). Ewart and
Dandekar® showed that degradation of tensile strength,
i.e., spall strength of titanium diboride, could be linked
to an increase in the population and average lengths of
micro-cracks.

However, in terms of experimental data, dependence
on .the pore volume fraction is less clear. Since pores are
potendial sites for generation of micro-cracks/fissures in

the ceramics under shock compression and also possibly
under release of shock compression, the effect of pores
cannot be isolated completely from those of micro-cracks/
fissures.

Bartkowski and Dandekar' reported an initial increase
in the spall strength of sintered and hot-pressed silicon
carbide (SiC-B) with an increase in the magnitude of
shock-wave-induced stress to 3.8 GPa. Onset of a decline
in the spall strength was observed to begin in these sili-
con carbides when shocked beyond 5.8 GPa. Dandekar
and Bartkowski** later reported that this same unusual
trend in spall strength was also observed in sintered and
subsequently hot-pressed silicon carbides produced in
France, with one significant difference: Whereas the sin-
tered silicon carbide mimicked the trend observed in [1],
the spall strength of French sintered and subsequently
hot-pressed continued to increase to 12 GPa before show-
ing a decline in the spall strength with an increase in the
shock-induced stress. A large scatter in the spall strength



of silicon carbide produced by Cercom Inc. and marketed
as SiC-N displayed no clear trend with increasing magni-
tude of shock-induced stress.

The present investigation tests the hypothesis that a
shifting dominance pattern can explain the observed trend
in spall strength of silicon carbide, specifically SiC-B.
According to the hypothesis, the observed initial increase
in spall strength of silicon carbide is due to dominance of
localized plastic deformation over the crack-dominated
brittle deformation. The observed decline in the spall
strength with an increase in the shock-induced stress is
due to dominance of crack-induced brittle deformation
over the plastic deformation. The observed initial increase
in the spall strength of SiC-B suggests the envisaged domi-
nance of localized plastic deformation over the crack-domi-
nated brittle deformation continues to shock-induced
stress of 3.8 GPa. The observed decline in the spall strength
at 5.8 GPa designates that point as the stress at which
dominance of crack-induced brittle deformation over the
plastic deformation begins in SiC-B.

The validity of the suggested hypothesis is tested by
measuring the spall strength of SiC-B at shock-induced
stresses of 3.8 and 5.8 GPa (i) under normal impact with-
out inducing a shear, and (ii) under oblique impact, i.e.,
under simultaneous compression shear. If the suggested
hypothesis is valid then the spall strength of SiC-B will
be either constant or increase at 3.8 GPa when localized
plasticity dominates the inelastic deformation. The plas-
tic deformation will be promoted under enhanced shock-
induced shear, i.e., simultaneous compression shear com-
pared to value under normal shock. On the other hand,
at 5.8 Gpa, when deformation is dominantly controlled
through cracks, the spall strength of SiC-B will be less
under simultaneous compression shear than under nor-
mal shock.

Material

Silicon carbide, marketed as SiC-B by Cercom Inc.,
was produced by hot-pressing SiC-B powder. The pro-
cessing of silicon carbide being proprietary, details of pro-
cessing is not disclosed by the manufacturers. Mechani-
cal properties of silicon carbide are found to be depen-
dent on (i) grain size of the powder, (ii) processing tem-
perature, (iii) sintering aids, (iv) powder blending pro-
cess, and (v) elemental composition and stoichiometry of
the compounds present in the processed materials. All
powders have some metallic impurities introduced dur-
ing the powder manufacturing process. In addition, sili-

con carbide cannot be consolidated without sintering aids.
The conventional sintering aids for consolidation of sili-
con carbide powder are boron, carbon, and aluminum
nitride. Aluminum nitride is used as a sintering aid in
producing SiC-B material. All impurities segregate in
small, well-dispersed clusters along the SiC-B grain bound-
aries. The blended powder, containing silicon carbide and
sintering aid, is loaded into a graphite die and then hot-
pressed at around 2273 K under 18 MPa. Since 2273 K
is higher than the melting temperature of the metallic
impurities, the melted metals aggregate to form inclu-
sions in the consolidated SiC-B. Sintering aids promote
formation of these inclusions by creating favorable envi-
rons to wet silicon carbide grain surfaces, thus spreading
the melt. The average grain size of this material is 4 pm
with the size ranging between 2-10 pm. The density of
the material is 3.215 + 0.002 Mg/m?®. The measured val-
ues of longitudinal and shear wave velocities in SiC-B are

12.198 + 0.026 and 7.747 + 0.018 km/s, respectively"**.

Tensile

_/ Location

VISAR Probe

(@)

TEHMI{.

U(ﬂfh_‘)n
ISAR PrUbE'

(b)

Fig. 1. Experiment configurations: (a) normal, and (b)
compression shear.



The values of Young’s, shear, and bulk moduli are 448 +
2,193 + 1, and 221 + 2 GPa, respectively. The Poisson’s
ratio is 0.162 + 0.003.

Experiment

A general configuration of normal and simultaneous
compression shear spall experiments performed on SiC is
shown in Fig. 1. The experiment consists of impacting a
stationary disc (target) of SiC with another disc (flyer) of
SiC, at a given impact velocity (V). Flyers are thinner
than the targets in spall experiments. The impact may be
normal as shown in Fig. 1(a) or at some obliquity to in-
duce simultaneous compression and shear as shown in
Fig. 1(b). The free surface velocity profile of the target is
monitored to provide information about the initial shock
compression and the following release and tension devel-
oped in the target. The velocity profiles were recorded by
means of a Velocity Interferometer System for Any Re-
flecting surface (VISAR) developed by Barker and
Hollenbach.’

Rectangular specimens of SiC-B used in the shock
wave experiments had a lateral dimension of 50 + 0.5
mm. The thicknesses of the SiC-B specimens used are
given in Table I. SiC-B disc faces were lapped and pol-
ished flat to 5 pm. The opposing disc faces were mutually
parallel to within one part in 10* The SiC-B specimen
surface was polished to reflect the VISAR beam.

Impact velocity of the flyer disc is recorded by means
of shorting four sets of electrically charged pins located

immediately in front of the target. Pin distances are pre-
measured. Time between pins is measured during the ex-
periment so that velocity of impact can be calculated. The
precision of impact velocity measurements is generally
within 0.5%. Impact tilt is less than 0.5 mrad. The preci-
sion of particle velocity measurements using the VISAR
is 1%. Further details of this type of experiments are given
in [1].

Results

Ten experiments were performed on SiC-B. Table I
summarizes the details of these experiments. The results
of spall experiments are summarized in Table II. Table I
shows that the recorded free surface velocity labeled as
shock and recompression are identical to the normal com-
ponent of the impact velocity. A similar comment holds
for the measured and calculated pulse widths. This is not
surprising since the shock stresses of 3.9 £ 0.1 and 5.8 +
0.1 GPa are less than the HEL of SiC-B, i.e., 12-15 GPa.
A primary advantage of these observations is that induced
shear stress given in Table II could be confidently calcu-
lated using the elastic theory. The other significant re-
sults of this work are presented separately for each of the
two shock-induced stresses, i.e., 3.9 + 0.1 and 5.8 + 0.1
GPa.

Results of Spall Experiments at 3.9 + 0.1 GPa

Free surface velocity profiles recorded in experiments

Table I. Data from Shock Wave Experiments in SiC-B

Experiment Impactor Target Obliquity Impact velocity Pulse width Free  surface velocity

Thickness Thickness Degrees Actual Normal Measured Calculated Shock Spall ~ Recom-

component pression

(mm) (mm) (Km/s) (ps) (ps) (Km/s) (Km/s) (Kml/s)
0206 5.149 7.719 0 0.204 0.204 0.82 0.84 0.203 0.169  0.203
0207 5.156 7.721 0 0.304 0.304 0.82 0.84 0.309 0.298  0.309
0208 5.148 7.705 12 0.206 0.201 0.85 0.84 0.200 0.160  0.200
0209* 5.145 7.723 12 0.297 0.290 - 0.291  none 0.318
0210 5.14 7.74 0 0.207 0.207 0.84 0.84 0.205 0.170  0.205
0211 3.88 7.712 0 0.197 0.197 0.64 0.64 0.203 0.166  0.203
0212% 5.142 7.718 12 0.306 0.299 0.297  none 0.309
0305 1.353 6.410 12 0.303 0.296 0.248 0.222 0.300 0.280  0.300
0307* 6.425 5.125 12 0.296 0.289 0.295  none 0.306
0314 1.343 6.421 20 0.204 0.192 0.238 0.220 0.189 0.126  0.189

“In these experiments, spall related pull-back velocities were not observed due to propagation of a failure front in SiC-B. The
recompression values are those related to the re-acceleration of free surface velocity due to the failure front propagation (see text).



Table II. Summary of the Results of Shock Wave Experiments in SiC-B

Experiment Obliquity Impact velocity Shock-induced stress Spall
Degrees Actual Normal Tangential | Longitudinal Shear 1/2 Pull- Strength
component component back velocity
(km/s) (km/s) (km/s) (GPa) (GPa) (km/s) (GPa)
0206 0 0.204 0.204 None 4.00 None 0.017 0.67
0207 0 0.304 0.304 None 5.96 None 0.006 0.24
0208 12 0.206 0.201 0.043 3.94 0.54 0.020 0.78
0209* 12 0.297 0.290 0.062 5.69 0.77 None None
0210 0 0.208 0.208 None 4.08 None 0.018 0.70
0211 0 0.197 0.197 None 3.86 None 0.0185 0.72
0212* 12 0.306 0.299 0.064 5.86 0.80 None None
0305 12 0.303 0.296 0.063 5.80 0.78 0.010 0.39
0307* 12 0.296 0.289 0.062 5.67 0.77 None None
0314 20 0.204 0.192 0.070 3.76 0.87 0.0315 1.23

“In these experiments, spall related pull-back velocities were not observed due to propagation of a failure front in SiC-B. The
recompression values are those related to the re-acceleration of free surface velocity due to the failure front propagation (see text).

at 3.9 + 0.1 GPa on SiC-B are shown in Fig. 2. The val-
ues of spall strength obtained from experiments 0206 and
0210 at normal impact are 0.67 + 0.03 and 0.70 + 0.03
GPa, respectively. These values are significantly smaller
than the magnitude of spall strength found earlier! for
this material, i.e., 1.3 GPa. The SiC-B materials used in
both studies were fabricated by Cercom Inc, but came
from batches manufactured a few years apart. Further,
the compressive shock durations (pulse widths) in the

present work and the previous work are 0.82 and 0.64
ps, respectively. In order to investigate whether or not
the observed large difference in the values of spall strength
at 3.9 GPa may be due to the difference in compressive
durations of the shock, experiment 0211 was performed.
Compressive duration in this experiment was 0.64 ps.
Free surface velocity profiles recorded in experiment 0211
and [1] shown in Fig. 3 show the difference in the spall
generated signals in SiC-B from different batches for a
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Fig. 2. Free surface velocity profiles recorded in experiments ar 3.9 + 0.1 GPa on SiC-B. In this figure N and 12 in parentheses indicate
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Fig. 3. Free surface velocity profiles from experimenr 0211 and
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pulse width of 0.64 ps. The value of spall strength ob-
tained in experiment 0211 is 0.70 = 0.03 GPa, a value
close to those in experiments 0206 and 0210. This is con-
sistent with the results of spall strength of SiC-B in the
previous work, namely, the spall strength of SiC-B was
not found to be sensitive to the compressive shock dura-
tion. Thus the observed difference in the spall strength of
SiC-B measured in the present work and the previous
work is suspected to be due to batch-to-batch variation.

Experiments 0208 and 0314 were conducted at 12°
and 20° of obliquity to subject SiC-B to simultaneous
compression and shear. In these two experiments, SiC-B
was subjected to a longitudinal shock of magnitudes 3.94
and 3.76 GPa and associated shear stresses of magnitudes
0.54 and 0.87 GPa, respectively. The magnitudes of spall
strengths of SiC-B increase moderately to 0.78 + 0.04
GPa at 12° obliquity, and upon an additional increase of
obliquity to 20°, the spall strength assumes a value of
1.23 + 0.06 GPa. This magnitude of spall strength is 75%
more than determined under normal impact. These re-
sults are consistent with the hypothesis that the observed
initial increase in spall strength of SiC-B to 3.9 GPa is
due to dominance of localized plastic deformation over
the crack-dominated brittle deformation in SiC-B.

Results of Experiments at 5.8 + 0.1 GPa

Due to the observed batch-to-batch variation in the
spall strength of SiC-B at 3.9 GPa, experiment 0207 was
conducted to determine the spall strength of SiC-B un-
der normal impact to facilitate an unambiguous compari-
son of spall strength of SiC-B determined from simulta-
neous compression shear at shock-induced stress of 5.8 +
0.1 GPa. The free surface velocity profile recorded in this
experiment is shown in Fig. 4. The ordinate is truncated
to show the range of free surface velocity between 160
and 340 m/s to show the small value of spall with clarity.
The result of experiment 0207 yielded a spall strength of
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Fig. 4. Free surface velocity profiles recorded in experiments at 5.8 + 0.1 GPa on SiC-B under normal impact and under simultaneous
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0.24 + 0.06 GPa for the batch of SiC-B used in the present
work. Once again, this spall strength value, significantly
smaller than the value of 1.1 GPa determined by
Bartkowski and Dandekar,' is consistent with the smaller
spall strength values obrained for SiC-B used in the present
investigation at 3.9 GPa.

Fig. 4 also shows the free surface velocity profiles
recorded in experiments 0209 and 0212. These two ex-
periments were performed at 12° obliquity to measure
spall strength of SiC-B under simultaneous compression
shear. The values of longitudinal and shear stress induced
in these experiments varied between 5.7-5.9 and 0.77-
0.80 GPa, respectively (Table II). The free surface veloc-
ity profiles do not show the pull back due to spallation as
in experiment 0207, Instead, the free surface velocity pro-
files obtained in these experiments show a step increase
reminiscent of free surface velocity profiles observed by
Kanel, er al.,® in K8 Glass and by Dandekar and Beaulieu’
in soda lime glass. The step increase in the free surface
velocity profiles exceeds the value of impact velocity sug-
gesting interaction of a release wave propagating in SiC-
B from the free surface towards the impact surface with a
slow-moving propagating failure front in SiC-B away from
the impact surface. An additional experiment, 0307, was
performed to obtain the free surface velocity profile in
which the impacting specimen of SiC-B was thicker than
the specimen of SiC-B in the targer, but the rarger thick-
ness was less than in experiments 0209 and 0212.
Throughout experiment 0307 the SiC-B targer remained

under compressive stress. The free surface velocity pro-
files in these three experiments are shown in terms of
time duration normalized with respect to the respective
thickness of the SiC-B rargets (Fig. 5). These three pro-
files show that the occurrence of re-acceleration of the
free surface velocity in SiC-B scales with the thickness.
In other words, the failure front travels with a constant
velocity in SiC-B when shocked to 5.8 GPa under simul-
taneous compression shear at 12° of obliquity.

The failure front velocity is 6.5 + 0.2 km/s, as calcu-
lated from the wave profiles shown in Fig. 5. The mea-
sured ultrasonic shear wave velocity in SiC-B is 7.747 =
0.018 km/s. This large difference in the velocities pre-
cludes any possibility that the observed re-acceleration of
free surface velocities in experiments 0209, 0212, and
0307 by normal velocity probes used in these experiments
are somehow picking up a contribution induced by the
shear wave velocity. It is also ruled out by the close agree-
ment between the normal component of impact velocity
with the measured free surface velocity due to shock (Table
I). Brar and Bless® show that spall strength is negligible
when the spall occurs in the region traversed by the fail-
ure front in soda lime glass. The magnitude of failure
front velocity in SiC-B implies that the spall planes in the
experiments 0209 and 0212 were 2.6 mm from the im-
pact surface of the SiC-B targets while the failure front
traveled into the SiC-B rarget to a distance of 5.3 mm
from the impact surface before tension was generated in
it. Thus, the absence of pull-back velocity in the free sur-
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Fig. 5. Free surface velocity profiles in SiC-B targets at 5.8 + 0.1 GPa under simultaneous compression and shear at 12° obliquity.



face velocity profiles in these two experiments could be
due to a loss of spall strength of SiC-B in the failed re-
gion. Experiment 0305 was performed to determine
whether the observed loss of spall strength of SiC-B was
indeed due to the location of the spall plane in experi-
ments 0209 and 0212 in the region traversed by the ob-
served failure front. The configuration of experiment 0305
(Table I) was chosen such that location of the spall plane
will be ahead of the region traversed by the failure front
in SiC-B. In this experiment the spall plane was 5.05 mm
from the impact surface of the rarget, while the failure
front traveled, at the most, 4.45 mm into the rarget. Fig.
6 shows the free surface velocity profile recorded in this
experiment. The value of spall strength of SiC-B obtained
from this experiment is 0.39 + 0.09 GPa and validates
that the loss of spall strength observed in experiments
0209 and 0212 is due to the fact that spall plane was
located in the region traversed by the failure front in SiC-B.

Discussion and Future Work

The results of spall experiments performed at 3.9
0.1 GPa seem to be consistent with the hypothesis that
the deformation of SiC-B to this stress is dominated by
the effect of localized plastic deformation. Induced shear,
under simultancous compression shear, enhances this
domination and permits SiC-B to retain and/or increase
its spall strength. However, when shocked to 5.8 + 0.1
GPa under induced shear, its deformation is also con-
trolled by the observed propagation of failure front, which
causes SiC-B rto lose its spall strength in the region be-
hind the front even as it continues to retain its spall
strength in the region ahead of the front. The values of
spall strength of SiC-B rerained under normal impact and
under simultaneous compression shear in experiments
0207 and 0305, i.c., 0.24 + 0.06 and 0.39 + 0.09 GPa,
respectively, tend to suggest that (i) propagation of fail-
ure front in SiC-B is not manifested under normal im-
pact at 5.8 + 0.1 GPa, and (ii) under simultancous com-
pression shear the deformation ahead of the failure front
appears to be controlled if not dominated by the plastic
deformation as at 3.9 GPa. Thus the spallation of SiC-B,
as demonstrated by the results of the experiments pre-
sented in this investigation, is much more complex than
initially envisaged. Spallation in SiC-B is clearly depen-
dent on the interplay of plastic deformation, very likely
intra-granular in nature, micro/meso-crack generation and
propagartion at impurity and void sites, and failure front
induced shear assisted dilation of a material as suggested

o= 320 F L i T i e il
E B iJ “»-._,-/ e e e _
R ® ;
5 2401 % :
2 | Pull back 7
2 160 [ | N
5t “_(’ "
5 80f A
3 N .
49 | |
(G J oo R (T [N PO, R [N
0.90 1.1 1.3 1.5

Time (us)

Fig. 6. Free surface velocity recorded in experiment 0305.

by Grady.” The above suggested interplay is impossible to
resolve with any confidence based on the present work,
as a successful delineation of the suggested interplay to
understand the spallation in SiC-B will in all probability
require successful recovery of shocked SiC-B from a vari-
ety of shock loading conditions. Further, additional shock
wave experiments which would assist in improving the
current understanding of shock-induced response of SiC-
B will require determination of: (i) impact stress and shear
stress/strain thresholds needed to initiate the failure front
in SiC-B, (ii) change in magnitudes of failure front veloc-
ity and of re-acceleration signal change with impact stress
and shear stress/strain, (iii) the effect of failure front on

compressibility and shear strength of the material in the
region traversed by the front, and (iv) impact stress and

shear stress/strain thresholds at which the failure front is
coincident with the inelastic/shock wave propagation,
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